Contribution of tubular injury to loss of remnant kidney function  by Gandhi, Mehul et al.
Contribution of tubular injury to loss of remnant kidney function
MEHUL GANDHI, JEAN L. OLSON, and TIMOTHY W. MEYER
Division of Nephrology, VA Palo Alto Health Care System and Stanford University, Palo Alto, and Department of Pathology, University
of California, San Francisco, California, USA
Contribution of tubular injury to loss of remnant kidney function.
Background. The remnant kidney model has been widely used
to identify mechanisms responsible for the progression of renal
disease. However, the structural changes associated with progres-
sive loss of function in this model have not been well character-
ized.
Methods. Kidney function and structure were assessed at 10
weeks (REM 10) and 25 weeks (REM 25) after five-sixths renal
ablation and in control rats (Control). Serial sections were
examined to relate glomerular and tubular structure in individual
nephrons.
Results. Remnant kidney function declined between 10 and 25
weeks after ablation (GFR 0.90 6 0.34 vs. 0.23 6 0.07 ml/min,
REM 10 vs. REM 25, P , 0.05). This decline in function was
associated with an increase in the prevalence of globally sclerotic
glomeruli (14 6 10 vs. 0 6 0 vs. 0 6 0%, REM 25 vs. REM 10 vs.
Control, P , 0.05 REM 25 vs. REM 10 and Control). The decline
in remnant kidney function between 10 and 25 weeks was also
associated with the appearance of glomeruli that were atubular
(48 6 14 vs. 9 6 8 vs. 3 6 5%, REM 25 vs. REM 10 vs. Control,
P , 0.05 REM 25 vs. REM 10 and Control) or connected to
atrophic proximal tubule segments (26 6 10 vs. 11 6 6 vs. 1 6 2%,
REM 25 vs. REM 10 vs. Control, P , 0.05 all comparisons).
Atubular glomeruli, which usually had open capillary loops avail-
able for filtration, were more numerous than globally sclerotic
glomeruli at 25 weeks after ablation.
Conclusions. These findings indicate that tubular injury contrib-
utes to progressive loss of renal function following reduction in
nephron number.
The remnant kidney model has been widely used to
identify mechanisms responsible for the progression of
renal disease. Most studies of this model, however, have
not been extended long enough to allow the remnant
kidney glomerular filtration rate to decline, and the struc-
tural changes associated with loss of remnant nephron
function are not well characterized. The current study
compared renal structure and function at 10 weeks and 25
weeks after five-sixths renal ablation in the rat. The interval
between 10 and 25 weeks after ablation allowed for loss of
remnant kidney function reflected by a doubling of the
serum creatinine. A particular aim of the present study was
to assess the contribution of tubular injury to loss of
remnant nephron function. The serial section technique
developed by Marcussen [1] was used to identify glomeruli
that were no longer connected to normal proximal tubules.
Filtration has presumably ceased in such glomeruli, which
are either atubular or are connected only to atrophic tubule
segments. Previous studies have shown that the appearance
of glomeruli no longer connected to normal proximal
tubules accounts for the reduction in GFR in rats exposed
to tubular toxins [2, 3]. The current study used the serial
section technique to assess structural changes associated
with loss of renal function following reduction in nephron
number. A decline in remnant kidney GFR was associated
with the appearance of large numbers of glomeruli that
were not connected to normal proximal tubules. This
finding suggests that tubular injury is an important cause of
loss of function in initially normal remnant nephrons.
METHODS
Male Munich-Wistar rats weighing 290 to 350 g were
subjected to five-sixths renal ablation by right nephrectomy
and infarction of two thirds of the left kidney. Ten weeks
after ablation, the animals were divided into two groups
matched for body wt, systolic blood pressure, 24-hour
urinary protein excretion and serum creatinine. Terminal
functional and morphologic studies were performed in the
first group (REM 10, N 5 8) at this time. In the second
group (REM 25, N 5 7) serial measurements of serum
creatinine were made on tail vein blood samples. Terminal
functional and morphologic studies were performed in each
animal when its serum creatinine increased to twice the
level observed at 10 weeks: these studies were performed at
an average of 25 6 6 weeks after ablation. A group of intact
two kidney rats age matched to the REM 25 group served
as controls (Control, N 5 5). All rats had free access to
water and standard laboratory chow.
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Functional studies
Rats were anesthetized with Inactin (100 mg/kg, intra-
peritoneally) and placed on a temperature regulated table.
A PE-50 catheter was inserted in the left femoral artery for
estimation of mean arterial pressure and blood sampling.
After tracheotomy, PE-50 catheters were inserted into the
left and right internal jugular veins for infusion of rat
plasma, normal saline and inulin. A PE-10 catheter was
inserted into the left ureter for collection of urine. Plasma
was infused in an amount equal to 1% of the body wt for
the first 45 minutes, followed by a reduction of the infusion
rate to 0.4 ml/hr for the duration of the study. After ;100
minutes, tritiated methoxy-inulin was added to the normal
saline. A loading dose of 0.5 ml of inulin in saline was given,
followed by a continuous infusion at 1.2 ml/hr. Clearance
measurements were carried out over two 30-minute inter-
vals after allowing approximately 40 minutes for equilibra-
tion of inulin.
Morphologic studies
After functional studies, kidneys were fixed by retrograde
aortic perfusion with 2.5% paraformaldehyde and 0.1%
glutaraldehyde in 0.1 M cacodylate buffer. The left kidney
was weighed and a block of tissue was post-fixed in osmium
tetroxide, dehydrated in ethanol and embedded in Epon.
This tissue was then serially sectioned at 3 m intervals.
Every other section was mounted, four sections per slide,
and stained with toluidine blue so that the tissue could be
viewed serially at 6 m intervals. One hundred sections were
examined in each REM 25 and REM 10 rat and 60 sections
were examined in each control rat. The first section on each
slide was photographed and a series of prints were pre-
pared for use as maps of the serial sections. These maps
served as a guide to identification of individual glomeruli as
previously described [4]. Only those glomeruli contained
entirely within the serially sectioned tissue were examined.
An average of 18 6 3, 19 6 2 and 20 6 2 glomeruli were
examined in each animal in the REM 25, REM 10 and
Control groups, respectively. Each glomerulus was first
classified as being connected to either a normal proximal
tubule, an atrophic proximal tubule or being without a
tubular connection. The proximal tubule segment con-
nected to a glomerulus was considered atrophic when there
was thinning of tubular cells accompanied by loss of brush
border and narrowing of the tubular lumen. Each glomer-
ulus was then further classified according to the extent of
sclerotic injury it exhibited. Sclerosis was defined as col-
lapse of the glomerular capillaries accompanied by hyaline
deposition and/or adhesion of the tuft to the Bowman’s
capsule. To estimate the extent of sclerotic injury in
individual glomeruli, each glomerulus was examined at
three levels evenly spaced along the diameter perpendicu-
lar to the plane of section. The fraction of the tuft
exhibiting sclerotic injury was estimated at each level. The
average of the values obtained at the three levels was then
used to classify glomeruli as being ,50% sclerotic when
less than half the glomerular tuft exhibited sclerotic injury,
.50% sclerotic when more than half the tuft exhibited
sclerotic injury and globally sclerotic when no open capil-
lary loops were present. The tuft volume of each glomeru-
lus was calculated from the area of its midsection using the
method of Lane, Steffes and Mauer [5]. The fractional
volume of the cortex occupied by the interstitium and the
tubules was measured by point counting using a 6 3 6 point
eyepiece reticule grid and a magnification of 3400. In each
case, a minimum of 500 points in five sections at least 72 m
apart were counted, and the fractional volumes of the
interstitium and the tubules were expressed as the percent-
ages of points falling on these structural components.
Analytical methods
Urinary protein excretion was assayed by the Coomassie
blue method. Serum creatinine was measured using a
Creatinine 2 Analyzer (Beckman Instruments, Palo Alto,
CA, USA). The radioactive inulin content of plasma and
urine was assessed by liquid phase scintillation counting.
Systolic blood pressure was measured by the tail cuff
method.
Statistics
The one way analysis of variance (ANOVA) and Fisher’s
probability of least significant difference (PLSD) for pair-
wise comparisons were used to compare findings in the
three groups. The paired t-test was used to compare results
within the same group at different time points. Results are
expressed as mean 6 one SD throughout.
RESULTS
Values for body wt, systolic blood pressure, urinary
protein excretion and serum creatinine in the three groups
are summarized in Table 1. As expected, rats subjected to
five-sixths renal ablation exhibited hypertension and pro-
teinuria in comparison with normal animals. By design,
values for body wt, blood pressure, urinary protein excre-
tion and serum creatinine at 10 weeks were similar in the
groups subjected to renal ablation. REM 25 rats were then
followed until their serum creatinine values doubled, so
that the mean serum creatinine in this group rose from
1.1 6 0.2 mg/dl at 10 weeks to 2.1 6 0.3 mg/dl prior to
terminal studies at 25 6 6 weeks. Blood pressure and
proteinuria did not change significantly over this period.
The results of functional studies performed under inactin
anesthesia are summarized in Table 2. Values for mean
arterial pressure (MAP) paralleled values for systolic blood
pressure obtained in awake animals. MAP was higher in the
groups subjected to renal ablation than in the controls but
was not different in the two ablated groups. The GFR was
substantially lower in the REM 25 group as compared to
the REM 10 group (0.23 6 0.07 vs. 0.90 6 0.34 ml/min, P ,
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0.05) and the GFR was lower in both ablated groups than
in the control group (3.34 6 0.4 ml/min, P , 0.05 both
comparisons). Values for kidney weight followed the same
pattern. Kidney weight was lower in the REM 25 group
than in the REM 10 group (1.73 6 0.21 vs. 2.01 6 0.24 g,
P , 0.05) and lower in both ablated groups than in the
control group (3.59 6 0.21 g, P , 0.05 both comparisons).
Kidney weight, however, did not decline in proportion to
GFR so that the filtration rate per gram kidney was again
lower in the REM 25 group than in the REM 10 group and
lower in both ablated groups than in the controls (0.13 6
0.04 vs. 0.44 6 0.12 vs. 0.93 6 0.13 ml/min/g, P , 0.05 all
comparisons). Declining renal function was also accompa-
nied by anemia with values for hematocrit in the REM 25
group lower than in the REM 10 and control groups (37 6
3% vs. 46 6 3% and 49 6 3%, P , 0.05 both comparisons).
The results of morphologic studies are summarized in
Table 3 and illustrated in Figures 1 and 2. In comparison
with controls, REM 10 rats exhibited moderate tubular
injury manifested by dilation of all tubule segments with the
collecting ducts and distal tubules most severely affected.
Some dilated tubules showed attenuation of the epithelium.
Other tubules contained hyaline casts. Necrosis or slough-
ing of epithelial cells was rare. A few tubules were atrophic
with reduced lumen size and thickened basement mem-
brane. Tubular injury in this group was not associated with
a significant increase in the prevalence of atubular glomer-
uli (9 6 8 vs. 3 6 5%, REM 10 vs. Control) but was
associated with an increase in the prevalence of glomeruli
connected to atrophic tubule segments (11 6 6 vs. 1 6 2%,
REM 10 vs. Control, P , 0.05). Atrophic changes in the
proximal tubule at its junction to the glomerulus resembled
those observed by Marcussen et al in rats exposed to
tubular toxins [2, 3]. Localized stenosis of the tubule at its
junction to the glomerulus as described by Cohen et al in
pigs with radiation nephritis was rarely observed [6].
Reduction in the remnant kidney GFR in REM 25 rats
was associated with more widespread and heterogeneous
tubular injury. Cystic dilation was present in some collect-
ing ducts at one extreme with a greater proportion of the
tubules showing atrophy at the other end of the spectrum.
More of the dilated tubules showed attenuation of the
epithelial cells and these tubules also showed thickening of
the basement membrane. Hyaline casts were observed in
up to one third of tubular cross sections. Although still
unusual, frank necrosis of tubular epithelial cells was
recognized with occasional sloughed cells in tubular lu-
mens. Apoptotic cells were noted in both atrophic tubule
segments and in sclerotic portions of glomeruli. There was
a marked increase in the prevalence of atubular glomeruli
(48 6 14% vs. 9 6 8%, REM 25 vs. REM 10, P , 0.05) and
a further increase in the prevalence of glomeruli connected
to atrophic tubule segments (26 6 10 vs. 11 6 6%, REM 25
vs. REM 10, P , 0.05). Altogether, almost three quarters of
the glomeruli were no longer connected to normal proximal
tubules in remnant kidneys of rats whose serum creatinine
doubled between 10 and 25 weeks after ablation. The
progression of tubulointerstitial injury in REM 25 rats was
Table 1. Body weight, systolic blood pressure, urinary protein excretion and serum creatinine
REM 25 (N 5 7) REM 10 (N 5 8) Control (N 5 5)
Body weight g 10 weeks 376 6 15 370 6 21 375 6 18
terminal 386 6 27a — 421 6 23b
SBP mm Hg 10 weeks 189 6 18a 180 6 16a 144 6 7
terminal 188 6 10a — 133 6 8
UproV mg/day 10 weeks 219 6 82
a 222 6 76a 30 6 12
terminal 341 6 132a — 39 6 21
Serum creatinine mg/dl 10 weeks 1.1 6 0.2a 1.1 6 0.2a 0.6 6 0.1
terminal 2.1 6 0.3a,b — 0.4 6 0.1b
Abbreviations are: SBP, systolic blood pressure; UproV, urinary protein excretion.
a P , 0.05 vs. controls
b P , 0.05 terminal vs. 10 week values in the same group
Table 2. Summary of functional studies
REM 25 REM 10 Control
MAP mm Hg 143 6 27a 143 6 20a 105 6 5
Hct % 37 6 3a,b 46 6 3 49 6 3
GFR ml/min 0.23 6 0.07a,b 0.90 6 0.34a 3.34 6 0.41
KW g 1.73 6 0.21a,b 2.01 6 0.24a 3.59 6 0.21
GFR/KW ml/min/g 0.13 6 0.04a,b 0.44 6 0.12a 0.93 6 0.13
Abbreviations are: MAP, mean arterial pressure; Hct, hematocrit;
GFR, glomerular filtration rate; KW, kidney weight; GFR/KW, GFR per
gram kidney weight. GFR and KW were calculated as twice the measured
left kidney values in controls.
a P , 0.05 vs. controls
b P , 0.05 REM 25 vs. REM 10
Table 3. Summary of morphometric studies
REM 25 REM 10 Control
Glomeruli with no tubule % 48 6 14a,b 9 6 8 3 6 5
Glomeruli with an atrophic tubule % 26 6 10a,b 11 6 6a 1 6 2
Glomeruli with a normal tubule % 26 6 13a,b 80 6 10a 96 6 7
Fractional tubule cell volume % 26 6 2a,b 37 6 4a 46 6 2
Fractional interstitial volume % 40 6 1a,b 24 6 3a 17 6 1
Glomeruli with ,50% sclerosis % 36 6 11a,b 99 6 3 100 6 0
Glomeruli with .50% sclerosis % 49 6 10a,b 1 6 4 0 6 0
Global sclerosis % 14 6 10a,b 0 6 0 0 6 0
a P , 0.05 vs. controls
b P , 0.05 REM 25 vs. REM 10
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further reflected by measurements of fractional tubular cell
and interstitial volume. The fractional tubular cell volume
in REM 25 rats was less than the fractional tubular cell
volume in REM 10 rats, which was in turn reduced below
the fractional tubular cell volume in controls (26 6 2% vs.
37 6 4% vs. 46 6 2%, P , 0.05 all comparisons), while
values for the fractional interstitial volume exhibited the
reverse pattern (40 6 1% vs. 24 6 3% vs. 17 6 1%, P ,
0.05 all comparisons).
The decline in GFR in REM 25 rats was associated with
increasing glomerular sclerosis as well as with tubulointer-
stitial injury. REM 10 rats examined at ten weeks after
ablation exhibited segmental sclerosis, but sclerotic lesions
occupied more than half the tuft in only 1 6 4% of
Fig. 1. Sections of kidney cortex from the three groups. (A) Normal kidney structure in a control rat. (B) Moderate tubulointerstitial injury and
segmental glomerular sclerosis in a REM 10 rat examined at 10 weeks after ablation. (C) More advanced tubulointerstitial injury and glomerular
sclerosis in a REM 25 rat examined at 25 weeks after ablation. Serial sections showed that many glomeruli were no longer connected to proximal tubules
(Toluidine blue, magnification 350).
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glomeruli and global sclerosis was not observed. In REM
25 rats, however, sclerotic lesions occupied more than half
the tuft in 49 6 10% of glomeruli and an additional 14 6
10% of glomeruli were globally sclerosed. Table 4 summa-
rizes the relationship between the extent of sclerotic injury
and the appearance of the glomerular-tubular junction in
individual nephrons of these animals. Globally sclerotic
glomeruli were usually atubular: a few of them remained
connected to atrophic tubule segments. Most atubular
glomeruli, however, were not globally sclerotic. Moreover,
while the frequency of abnormal tubular connections was
higher among glomeruli classified as .50% sclerotic than
among glomeruli classified as ,50% sclerotic, individual
nephrons exhibited dissociation of these two features of
injury. In particular, among glomeruli classified as ,50%
sclerotic, 42 6 22% were atubular and 16 6 13% were
attached to atrophic tubule segments. Thus, severe tubular
injury developed in many nephrons while glomerular scle-
rotic injury was not extensive, as illustrated in Figure 2, A
and B. In contrast, some glomeruli with more extensive
sclerotic injury remained attached to normal appearing
tubule segments, as illustrated in Figure 2C.
Serial sections of glomeruli classified as ,50% sclerotic
were examined further to determine whether tubule atro-
phy could be ascribed to changes in the vessels supplying
the glomerulus. Afferent arterioles of each glomerulus
were patent and no difference was appreciable by light
microscopy in the structure of arterioles supplying atubular
glomeruli, glomeruli connected to atrophic tubules, and
glomeruli connected to normal tubules. Rare afferent
arterioles did show fibroid necrosis, but the extent of this
change was insufficient to account for the glomerular
changes. Significant abnormalities were not seen in larger
vessels.
Values for glomerular volume are summarized in Table
5. Atubular glomeruli in normal rats were small as de-
scribed by Marcussen et al [2]. As expected, reduction in
nephron number was followed by hypertrophy of remnant
glomeruli. The average volume of glomeruli connected to
normal proximal tubule segments increased to 3.5 6 0.3 3
106 m3 in REM 10 rats as compared with a value of 2.0 6
0.1 3 106 m3 in control rats (P , 0.05). Of note, the size of
glomeruli connected to normal tubule segments increased
even further as remnant kidney injury progressed. Thus, the
volume of glomeruli connected to normal proximal tubule
segments, which comprised only 26 6 13% of the glomer-
ular population at 25 weeks after ablation, was increased to
5.6 6 1.2 3 106 m3. Glomeruli that were atubular or
connected to atrophic tubule segments were smaller than
glomeruli connected to normal tubule segments in both
REM 10 and REM 25 rats. Moreover, glomeruli connected
to atrophic tubule segments were almost as small as
atubular glomeruli in both groups, suggesting that little
function remained when atrophy of the proximal tubule at
its junction to the glomerulus was observed.
Fig. 1. Continued.
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DISCUSSION
The animal model most often used to study mechanisms
responsible for the progression of renal disease has been
the remnant kidney rat. In this model, nephron number is
reduced by surgical ablation or infarction of kidney tissue.
Initially normal remnant nephrons then develop injury at a
rate that is dependent on the method of ablation, the
fraction of nephrons destroyed, and the strain and sex of
rats used [7]. The characterization of remnant kidney injury
is incomplete in that most studies have not allowed injury to
progress long enough to cause a reduction in the GFR. The
current study examined remnant kidney structure at an
early interval after renal ablation and at a second interval
when doubling of the serum creatinine revealed that the
function of many remnant nephrons had ceased.
A particular aim of this study was to examine the
contribution of tubulointerstitial injury to loss of remnant
kidney function. The most extensively studied feature of
remnant nephron injury has been remnant glomerular
sclerosis. Tubulointerstitial injury has been described in
Fig. 2. Alterations in the glomerulus and glomerular-tubular junction
at 25 weeks after ablation. (A) Midsection of an atubular glomerulus
with open capillary loops and relatively little sclerotic injury. (B) This
glomerulus was attached to an atrophic tubule (arrow) but also showed
relatively little sclerotic injury. (C) In contrast, sclerotic injury was more
severe in this glomerulus, which remained attached to a normal
proximal tubule (arrows) (Toluidine blue, magnification 3400).
Table 4. Classification of injury to individual nephrons at 25 weeks
Tubular injury
Glomerular injury
,50% sclerosis .50% sclerosis Global sclerosis
Normal tubule % 15 6 8 11 6 8 0 6 0
Atrophic tubule % 6 6 5 18 6 8 2 6 3
Atubular % 15 6 7 21 6 12 12 6 9
Table 5. Glomerular volume (3 106 m3)
REM 25 REM 10 Control
Normal tubule 5.6 6 1.2a,b 3.5 6 0.3a 2.0 6 0.1
Atrophic tubule 3.4 6 0.8b,c 1.4 6 0.6c —
Atubular 2.9 6 0.9a,b,c 1.2 6 1.1c 0.7 6 0.7c
a P , 0.05 vs. control
b P , 0.05 REM 25 vs. REM 10
c P , 0.05 atrophic tubule or atubular vs. normal proximal tubule
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association with remnant glomerular sclerosis but until
recently has received less emphasis [8, 9]. We were moti-
vated to examine tubulointerstitial injury in the remnant
kidney by studies emphasizing the importance of tubuloin-
terstitial injury in the progression of human renal disease.
Schainuck et al [10] and Risdon et al [11] first showed that
renal function was more closely correlated with scores for
tubular atrophy and interstitial fibrosis than with scores for
glomerular injury in patients which chronic renal insuffi-
ciency. These findings have been confirmed by Bohle and
coworkers in biopsy studies of large numbers of patients
with different renal diseases [12–14]. Their studies have
shown that GFR declines as tubule volume fraction de-
creases and interstitial volume fraction increases, and that
GFR is better correlated with these measures of tubuloin-
terstitial injury than with various measures of glomerular
injury.
The correlation of tubulointerstitial injury with loss of
function led Bohle, Mackensen-Haen and Gise to hypoth-
esize that tubulointerstitial injury reduces GFR by two
mechanisms [14]. First, tubular atrophy could increase fluid
delivery to the macula densa and trigger reduction of GFR
by tubuloglomerular feedback. Second, interstitial fibrosis
could reduce glomerular blood flow by occluding post-
glomerular capillaries. The extent of these derangements,
though potentially significant, is difficult to determine.
Recently, Marcussen has employed serial sectioning to
identify glomeruli that no longer have a normal proximal
tubule connection [1]. These glomeruli are small but oth-
erwise appear nearly normal, so that they cannot be
identified on routine examination of single tissue sections.
The serial section technique provides a measure of loss of
nephron function in the setting of tubulointerstitial injury.
Initial studies using this technique showed that reduction in
the GFR was proportional to the fraction of glomeruli
without normal tubule connections in rats exposed to
lithium and cisplatinum [2, 3]. This finding made it unnec-
essary to ascribe loss of function to activation of tubuloglo-
merular feedback or increased post-glomerular resistance
caused by nephrotoxic tubular injury.
The current study used the serial section technique to
examine tubular injury in remnant nephrons. Remnant
kidney function at 10 weeks was close to that previously
observed in similarly prepared animals [15]. Despite de-
struction of five sixths of the nephron population, GFR was
reduced only to about 30% of normal, presumably because
remnant nephron hyperfiltration accompanied remnant
glomerular hypertrophy. Hyperfiltering remnant glomeruli
developed sclerotic lesions but these lesions occupied the
minority of the tuft. Segmental sclerosis was accompanied
by a moderate reduction in the fractional volume of tubular
cells and a corresponding increase in the fractional volume
of the interstitium. Examination of serial sections revealed
that 20 6 10% of the glomeruli were no longer connected
to normal proximal tubule segments, and that the volume
of these glomeruli was markedly reduced. These findings
suggest that tubular injury began to cause loss of remnant
nephron function relatively early after ablation when scle-
rotic injury was not yet advanced.
At 25 6 6 weeks the serum creatinine had risen to twice
the level observed at 10 weeks. Functional studies revealed
that doubling of the serum creatinine was associated with a
75% reduction in inulin clearance, suggesting that the
contribution of creatinine secretion to creatinine clearance
increased as GFR declined. Morphologic studies revealed
that the fraction of glomeruli connected to normal tubule
segments fell from 80 6 10% to 26 6 13% of the
glomerular population. Progressive loss of remnant kidney
function was associated with an increasing prevalence of
glomerular sclerosis as well as tubule loss. However, the
tubule connected to many glomeruli atrophied before the
majority of the tuft became sclerotic and only 14 6 10% of
glomeruli were globally sclerotic. These findings suggest
that tubular injury was the proximate cause of loss of
function in many remnant nephrons. Glomeruli connected
to normal tubule segments, which presumably continued to
function, hypertrophied as their number declined. Protein
filtration in these glomeruli presumably increased, as total
protein excretion remained high while the functioning
nephron number declined. This finding is consistent with
results of previous studies showing that glomerular growth
is associated with a marked increase in single nephron
protein excretion in nephrotic rats [16, 17].
The cause of remnant tubular injury remains to be
established. Increasing evidence suggests, however, that
excess filtration of plasma proteins leads to tubular injury
[18, 19]. Studies in the remnant kidney model are consistent
with this hypothesis. Studies comparing different methods
of renal ablation have shown that the extent of tubuloin-
terstitial as well as glomerular injury is correlated with the
protein excretion rate in rats [7, 20]. Similar results have
been obtained in studies comparing the effects of renal
ablation in different rat strains [7, 21, 22]. These results are
consistent with the view that initial remnant glomerular
injury, which may be precipitated by capillary hypertension,
causes proteinuria. Proteinuria can in turn cause remnant
tubular injury. As remnant tubules are lost, glomeruli that
retain their tubule connections hypertrophy and filter in-
creasing amounts of protein, which presumably accelerates
the pace of both tubular and glomerular injury. Tubular
injury is the proximate cause of loss of function in many
nephrons, but in others filtration may cease as glomerular
capillary loops are destroyed by sclerosis. It is possible that
advancing sclerotic injury destroys increasing portions of
the tuft even after the attached tubule has atrophied and
filtration has ceased, but the present data do not reveal
whether or not this occurs.
Recent studies have identified several mechanisms by
which protein filtration could lead to tubule loss. The
simplest of these is obstruction. Tanner and Evan have
Gandhi et al: Tubule loss in the remnant kidney 1163
shown that obstruction of the nephron causes atrophy of
the upstream proximal tubule and shrinkage of the at-
tached glomerulus [23]. Protein casts are a common feature
of remnant nephron injury and cast obstruction could
presumably contribute to tubule atrophy and loss of glo-
merular function. Other workers have suggested that reab-
sorption of filtered proteins or protein bound substances
injures proximal tubules [18, 19, 24–26]. Albumin cannot
be the only protein involved in this process, as glomerular
injury is associated with tubular injury in analbuminemic
rats subjected to renal ablation [27]. Mechanisms of rem-
nant tubular injury that are independent of glomerular
injury have also been proposed, including toxic effects of
increased tubular ammonia production and oxygen con-
sumption [28, 29, 30]. The finding that remnant kidney
injury is more closely correlated with proteinuria than with
the fraction of renal mass removed, however, favors protein
filtration or some related consequence of glomerular injury
as the major cause of remnant tubular injury.
The association of interstitial fibrosis with tubule atro-
phy, as observed in the current study, appears to be an
invariable finding in chronic renal disease [10–14, 18, 19].
The relationship between these features of injury, however,
remains unclear. Injured tubular cells have been shown to
release cytokines and growth factors that can promote
peritubular inflammation and scar formation [18, 19, 31]. It
has been suggested that this interstitial injury in turn causes
further tubular injury so that tubulointerstitial disease
becomes self perpetuating. In particular, Bohle and co-
workers have suggested that interstitial fibrosis obliterates
peritubular capillaries and thereby causes tubule atrophy
[13]. It is not possible at present, however, to distinguish
tubule loss caused by interstitial fibrosis from tubule loss
caused by proteinuria or other factors. The hypothesis that
interstitial fibrosis accelerates loss of renal function follow-
ing initial tubular injury is therefore difficult to test.
In summary, the current study found that progressive loss
of function in the remnant kidney model is associated with
marked tubular atrophy and interstitial fibrosis as well as
with glomerular sclerosis. As the GFR declined to approx-
imately 25% of the value observed early after ablation,
proximal tubule segments attached to the majority of
glomeruli atrophied or disappeared. The tubule segments
were often lost while glomeruli retained capillary loops
open for filtration. These findings suggest that tubular
injury contributes to loss of remnant nephron function and
that prevention of tubular injury could slow loss of function
even when glomerular injury proceeds unchecked.
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